Introduction
Aluminum-bearing ferromagnesian silicate perovskite (hereafter referred to as ''Al-PV'') is believed to be the most abundant phase in the Earth's interior (e.g. Anderson and Bass 1986; Liu 1974) . It represents at least one third of the total mass of our planet, more than any other terrestrial phase. Theoretical considerations and experimental investigations showed that the valence state and spin state of iron can significantly affect the crystal chemistry, density, thermal conductivity and electrical conductivity of its host phases (Burns 1993; Badro et al. 2003; Fei et al. 2005; Lin et al. 2005; Shannon and Prewitt 1969; Speziale et al. 2005; Wood and Rubie 1996; Xu et al. 1998) . Given its potentially far-reaching consequences, accurate characterization of the electronic structure of iron in Al-PV under the lower mantle pressure conditions is necessary for our understanding of the nature and dynamics of the Earth's deep interior.
A number of studies have been carried out to investigate the electronic structure of iron in Al-PV, including 57 Fe conventional Mö ssbauer spectroscopy and electron energy loss spectroscopy (EELS) at ambient conditions (Lauterbach et al. 2000; McCammon 1997; McCammon et al. 2004; Frost et al. 2004 ), X-ray emission spectroscopy (XES) up to Mbar pressure at ambient temperature (Li et al. 2004) , and first-principle computations (Li et al. 2005) . There are also numerous investigations on the electronic structure of iron in Al-free PV and references therein). The Mö ssbauer and EELS data suggest that the fraction of ferric ion (Fe 3+ ) in Al-PV is a function of the Al content (Lauterbach et al. 2000; McCammon 1997; McCammon et al. 2004; Frost et al. 2004 ). The XES study revealed a pressure-induced gradual loss of magnetic moment in one Al-PV sample between 20 and 100 GPa, indicating possible occurrence of mixedspin state and intermediate-spin state under high pressures (Li et al. 2004 ). The first-principle computation results show that Fe 3+ undergoes a high-spin to low-spin crossover between 97 and 126 GPa and at 300 K, with no stability field for the intermediatespin state (Li et al. 2005) .
To date in situ measurements on the valence state of iron in Al-PV have not been performed under high pressures. Mö ssbauer spectroscopy is an established method for investigating the valence state of iron (e.g. Bancroft et al. 1967; Wertheim 1964) . Recent developments in synchrotron Mö ssbauer spectroscopy (SMS) have enabled in situ measurements of small samples (<10 lm in thickness) with relatively low iron contents (<10 at%) to Mbar pressures . The combination of electronic spectroscopy with Mö ssbauer spectroscopy played crucial roles in detecting the pressure-induced spin transition in FeS at 6.7 GPa and 300 K (King et al 1978; Rueff et al. 1999) , and in identifying the intermediate-spin state in iron-bearing compounds (Bancroft 1973) . In this study, we apply the SMS techniques to the same Al-PV sample that was studied previously using the XES techniques (Li et al. 2004) , in order to monitor the valence state of iron as a function of pressure, and to derive new constraints on the spin state evolution of iron in Al-PV under lower mantle pressures.
Experimental method

Synchrotron Mö ssbauer spectroscopy experiments
Immediately following the X-ray emission study (Li et al. 2004) , SMS measurements were carried out at beamline 3-ID of the Advanced Photon Source, Argonne National Laboratory. Three fragments of samples were investigated: One fragment was glued to a beryllium foil for measurements at ambient conditions, a second fragment was loaded into a wide-angle panoramic cell (Mao et al. 2001) , and the third fragment was loaded into a separate diamond anvil cell that was first used for the XES study to 100 GPa (Li et al. 2004) , and then used for SMS measurements at 100 and 80 GPa. In the panoramic cell, two flat diamonds with 600 lm culet size were mounted on carbide seats. An X-ray transparent beryllium disc (1 mm thick, 5 mm in diameter) was pre-indented to 50 lm thickness and drilled to create a 300 lm gasket hole. The hole was filled with amorphous boron, which was pressed between the two diamonds. A 100 lm hole was drilled into the compressed boron to create a sample chamber, in which a fragment of Al-PV and several ruby grains were loaded. The use of boron inner gasket with high shear strength helps to maximize the thickness of the sample chamber under pressure and increases the pressure homogeneity (Lin et al. 2003 ). In the cell from the XES study, high pressure was generated using a symmetrical piston-cylinder type diamond-anvil cell (Mao et al. 2001) . Two beveled diamonds (about 300 lm bevel size and 150 lm flat culet size) were mounted in the cell. An X-ray transparent beryllium disc (1 mm thick and 5 mm in diameter) was pre-indented to about 20 lm in thickness then drilled to create a 50-lm-sized sample chamber. A piece of Al-PV sample and a few grains of ruby were loaded into the chamber and sandwiched between the two diamonds. Sample pressure was determined from the laser-induced fluorescence spectrum of ruby (Mao et al. 1986; Zha et al. 2000) . Near 100 GPa, the ruby pressures were confirmed by the positions of the Raman peaks of the diamonds.
The details of the SMS measurements are similar to that described in Jackson et al. (2005) . The electron storage ring was operated in top-up mode with 23 bunches that were separated by 153 ns. The incident X-ray with a bandwidth of 1 meV was tuned to the nuclear transition energy of 57 Fe (14.4125 keV) using multiplecrystal Bragg reflection monochromators (Toellner 2000) . It was then focused to a spot size of 6 · 6 lm 2 at the full-width half-maximum (FWHM) using a Kirkpatrik-Baez mirror system (Eng et al. 1998) . With a Phys Chem Minerals flux of 10 9 photons/s at the focal spot, sufficient counting rate could be obtained on the small sample over half an hour of acquisition time period. Nuclear resonant scattering was observed in a time window of 20-120 ns following excitation. Time spectra were collected at ambient conditions on the Al-PV fragment loaded onto a piece of beryllium foil, at 2-30 GPa on the Al-PV fragment loaded in the panoramic cell, and at 100 and 80 GPa on the Al-PV fragment in the symmetrical piston-cylinder type cell from the XES study.
Evaluation of time spectra
The synchrotron Mö ssbauer spectroscopic data were evaluated following the same procedure as described in Jackson et al. (2005) . The CONUSS software was used for analysis (Sturhahn 2000; Sturhahn and Gerdau 1994 
Results and discussion
The measured time spectra are shown in Fig. 1 ) and in the highpressure regime . Characteristic hyperfine parameters of iron
In Mö ssbauer spectroscopy, the hyperfine parameters of iron are determined by its valence state, spin state, and crystallographic site (Bancroft et al. 1967; Ingalls 1964; Wertheim 1964) . The isomer shift and quadrupole splitting arise from the electrostatic interaction of a nucleus with its surrounding electronic charge. The isomer shift measures the shift of the nuclear levels due to a change in the s-electron density (Wertheim 1964 (0.3-0.5 mm/s for six-coordinate sites in oxides) relative to iron metal (Bancroft et al. 1967) . Experimental data on a number of sulfides show that a high-spin to low-spin transition in Fe 2+ leads to a reduction in the isomer shift, consistent with an increase in the s-electron density as a result of volume contraction (King et al. 1978; Rueff et al. 1999) . The isomer shift of lowspin Fe 2+ is comparable to that of high-spin Fe 3+ . Reduction of isomer shift is also observed on Fe 3+ in several chemical compounds (Bancroft 1973) . Limited data suggest that the isomer shifts of ferrous and ferric ions in the intermediate-spin state are indistinguishable from those in the low-spin state (Bancroft 1973 Fig. 2c as references.
Quadruple splitting is the result of the interaction between the nuclear quadrupole moment and the EFG. The two fundamental sources of the EFG are the non-spherical distribution of the 3d valence electrons belonging to the ferrous or ferric ions and the nonspherical charge distribution of the neighboring ions in the crystalline lattice (Ingalls 1964) . The valence contribution to the quadruple splitting is determined by a number of factors including the valence state and spin state. Of particular importance is the effect of crystal field on quadrupole splitting, which is mainly to lift the fivefold degeneracy of the 3d orbital states of the free iron atom or ion, splitting it into a series of orbital states of different wave functions and energies, which may collectively produce a non-spherical charge distribution at the position of the nucleus (Ingalls 1964) . Table 1 (solid lines). The spectra are vertically offset for clarity Fig. 2 (King et al. 1978) . The lower end of the 3H2H range and the upper end of the 3H2L range extend beyond the scale of the plot c
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The 3d orbitals are grouped into two sets, a set of three known as the t 2g orbitals in which the charge density is localized between the coordinate axes, and a set of two known as the e g orbitals in which the charge is localized along the coordinate axes. Compared with other configurations, a full (3t 2g ›3t 2g fl or 2e g ›2e g fl, where the up and down arrows denote spin-up and spin-down, respectively), half-full (3t 2g › or 2e g ›), or empty set corresponds to a more symmetric valence charge distribution, hence having a smaller contribution to the quadrupole splitting.
In the high-spin state, the quadrupole splitting of Fe 2+ (2.0-3.6 mm/s for six-or eight-coordinate sites in oxides) is significantly larger than that of Fe 3+ (0-1.1 mm/s for six-coordinate sites in oxides) (Bancroft et al. 1967) . The large quadrupole splitting of high-spin Fe 2+ may arise from the preferential population of the lowest level of the 3d orbitals (3t 2g ›2e g ›1t 2g fl, which is the case even for a cubic site, due to Jahn-Teller distortion), leading to an asymmetric valence charge distribution (Wertheim 1964) . The small quadrupole splitting of high-spin Fe 3+ can be attributed to the nearly spherical valence charge distribution in a half-full 3d subshell of Fe 3+ (3t 2g ›2e g ›), especially when the crystal field is weak (Wertheim 1964) .
Six-coordinate low-spin Fe 2+ in sulfides exhibits relatively small quadrupole splitting values (0.4-0.6 mm/s) (King et al. 1978; Rueff et al. 1999) , which may be explained by fully populated t 2g orbitals (3t 2g ›3t 2g fl), corresponding to a highly symmetric valence charge distribution. One quadrupole splitting value was found for six-coordinate low-spin Fe 3+ in Fe 2 O 3 (2.0 mm/s at 82 GPa and 4 K, < 2.0 mm/s at 82 GPa and 300 K, Pasternak et al. 1999) . The large quadrupole splitting of six-coordinate low-spin Fe 3+ is consistent with the asymmetric valence charge distribution in the 3d subshell, where five electrons occupy three t 2g orbital (3t 2g ›2t 2g fl). In several chemical compounds, the quadrupole splitting of six-coordinate iron at the intermediate-spin state is found indistinguishable from that of the low-spin state (Bancroft 1973) , as expected from the equally asymmetric valence charge distribution.
Some relevant quadrupole splitting values for highspin iron and six-coordinate low-spin iron are plotted in Fig. 2b to facilitate data analysis.
Literature on the quadrupole splitting of intermediate-spin and low-spin iron in 8-12-coordinate site is scarce. We try to make qualitative predications by considering the symmetry of valence charge distribution according to crystal field theory. In the 8-12-coordinate site, the e g orbitals are at lower energy levels than the t 2g orbitals. The electronic configurations for the high-spin, intermediate-spin, and low-spin Fe 2+ are 2e g ›3t 2g ›1e g fl, 2e g ›2t 2g ›2e g fl, and 2e g ›1t 2g ›2e g fl1t 2g fl, respectively, all having comparable symmetry. Consequently, a spin crossover in Fe 2+ may not have any detectable effect on the quadrupole splitting. The electronic configurations of the intermediate-spin Phys Chem Minerals or low-spin Fe 3+ in the 8-12 coordinate site are 2e g ›2t 2g ›1e g fl, and 2e g ›1t 2g ›2e g fl, respectively, which are less symmetric than that of the high-spin state (2e g ›3t 2g ›), where all five orbitals are half-full. Therefore, the quadrupole splitting of 8-12-coordinate Fe 3+ may increase upon a crossover to a lower spin state. These qualitative predications need to be tested by direct measurements and theoretical calculations.
In addition to the valence state, spin state, and coordination number, the quadrupole splitting is influenced by site distortion, which reduces the effects of valence charge distribution on quadruple splitting (Bancroft et al. 1967; Ingalls 1964) . In several Al-free perovskite samples, the presence of multiple Fe 2+ -like sites with distinct quadrupole splittings has been interpreted as a possible manifestation of the varying degrees of site distortion that arise from different nextneighbor configurations McCammon et al. 1992 ). On the other hand, it has been shown that the quadrupole splitting of Fe 3+ may be insensitive to lattice distortion (Burns and Solberg 1990) .
Site occupancy of iron and lattice distortion
The valence state and spin state of iron in perovskite are intimately connected to the crystallographic site it occupies. Knowledge on the site occupancy of iron can greatly facilitate the interpretation of Mö ssbauer and X-ray emission spectra. Conversely, the hyperfine parameters extracted from Mö ssbauer spectra and the spin state information given by X-ray emission spectra may provide constraints on the site occupancy of iron. In perovskite, iron may take the 8-12-coordinate site (also known as the pseudo-dodecahedral site or the A site) and/or the six-coordinate site (also known as the octahedral site or the B site). Previous X-ray diffraction and spectroscopy measurements have concluded that Fe 2+ resides in the A site Jephcoat et al. 1999; McCammon et al. 1992; Shen et al. 1994 Table 1 and as the uncertainty on quadrupole splitting in Fig. 2 ) may be affected by the site occupancy of iron . At ambient conditions, the width of the quadruple splitting (0.31 ± 0.01 mm/s) is smaller than that of an Al-free PV sample (0.51 ± 0.10 mm/s, Jackson et al. 2005 -like sites in our Al-PV sample under high pressure. Site reordering and variable site distortion are among possible origins for the development of the two sites with distinct quadrupole splittings. Our experiments were conducted at room temperature, under which condition site reordering does not seem possible. In Al-PV, different neighboring cation configurations may cause varying degrees of distortion (Li et al. 2005) . If compression enhances the initial difference in the degree of distortion, then it may lead to the development of two sites. Another possible cause of variable site distortion is non-hydrostatic stress, which could cause deformation of the Fe-O polyhedra that varies with its orientation with respect to the directions of the principal stresses. If site distortion is the origin of the two Fe 2+ -like sites, the appearance of the second Fe 2+ -like site with a larger quadrupole splitting (Fig. 2 ) would indicate that a fraction of the Fe 2+ -site become less distorted upon compression, reducing the lattice contribution to the quadrupole splitting (Ingalls 1964; McCammon 1998) . Above 20 GPa, the values and widths of the quadrupole splitting of all three iron sites remain essentially constant, indicating strong resistance against further distortion of the local iron environment after initial compression.
Valence state and spin state of iron at ambient conditions Basic properties of the lower mantle, including major element distribution and electrical conductivity, Phys Chem Minerals depend critically on the valence state of iron in the predominant phase perovskite (e.g., Wood and Rubie 1996; Xu et al. 1998) . Another potentially important parameter for geophysical models of the lower mantle is the spin state of iron in the host mantle phases, as it can influence the density, thermal conductivity, and element partitioning of the host phases (Burns 1993; Badro et al. 2003 Badro et al. , 2004 Fei et al. 2005; Lin et al. 2005; Speziale et al. 2005; Sherman 1988 site can be derived from the X-ray emission data. In XES, the intensity ratio between the Kb¢ satellite peak and the Kb 1,3 main peak reflects the number of unpaired electrons in the 3d sub-shell, which is determined by the valence state and spin state of iron (Fig. 3) , then they will remain at the intermediatespin or low-spin state during compression, because pressure can only induce a crossover toward a lower spin state. At 20 GPa, the observed intensity ratio is much higher than the expected value corresponding to 47% high-spin Fe 2+ and 53% six-coordinate intermediate-spin or low-spin Fe 2+ . Although the presence of a small fraction of six-coordinate intermediate-spin or low-spin Fe 2+ cannot be excluded, the simplest interpretation that is consistent with both the Mö ssbauer and X-ray emission data at ambient condition is that the Fe 2+ -like site is high-spin Fe
2+
, and the Fe 3+ -like site is high-spin Fe 3+ . This conclusion supports the statement that no evidence has been found for the occurrence of low-spin iron in oxide at ambient conditions (Burns 1993) .
Pressure effect on the valence state of iron Pressure-induced valence state changes have been reported previously. Drickamer and coworkers observed reduction of ferric ion to ferrous ion under high pressure, probably due to charge transfer from ligand to metal (Champion et al. 1967 ). The reverse reaction, i.e. oxidation of ferrous ion to ferric ion, occurs in Fe(OH) 2 and was attributed to pressure-induced deformation of OH dipole (Pasternak et al. 2004) . A third type of redox reaction, in which ferric ion decomposes to form ferric ion and iron metal at high pressure and high temperature, has been proposed to account for the ferric ion in perovskite samples synthesized from ferric-ion-free orthopyroxene starting materials Frost et al. 2004; Lauterbach et al. 2000; Li et al. 2004; McCammon 1997) . On the other hand, a recent synchrotron Mö ssbauer spectroscopy study found that pressure alone does not alter the valence state of iron in Al-free perovskite ).
In our Al-PV, the fraction of Fe 3+ -like site, Fe
Fe, is about 50% at ambient conditions (Table 1; Fig. 3 Comparison between the observed and calculated intensity ratios between the Kb¢ satellite peak at about 7.045 KeV (I¢) and the Kb 1,3 main peak at about 7.058 KeV (I) in X-ray emission spectra of the Al-PV. Solid circles with error bars are experimental data (Li et al. 2004) . Vertical lines and a bar shows the ranges or the value of intensity ratios calculated for various iron types, denoted by its valence state (2 = Fe 2+ , 3 = Fe 3+ ) and spin state (H high-spin, M intermediate-spin, L low-spin). The intensity ratio for each iron type is calculated according to I¢/ I = N/(N + 2)/c, where N is the number of unpaired electrons in the incomplete 3d shell of iron, c is the empirical correction factor (Tsutsumi et al. 1976 ). The calculated ranges of intensity ratios reflect the range of values assigned to the correction factor c (between 3 and 4), arising from the uncertainty in the actual value of c for iron in the Al-PV and its possible variation with pressure, site occupancy, valence state, and spin state of iron. Dashed lines indicate the ranges of intensity ratios calculated for two possible spin states of iron in the Al-PV, by summing up contributions from all iron types according to I¢/I = P (f i AE N i / (N i + 2))/c, where the subscript i refers to a specific iron type, f i refers to the fraction of i, N i refers to the number of unpaired electrons in type i. The fraction of Fe 3+ is 53% (Table 1 ) and does not change with pressure (the apparent change is attributed to a possible spin crossover) Phys Chem Minerals Fig. 2) . During the initial compression to 12 GPa, the fraction of the Fe 3+ -like site barely changes. Between 12 and 20 GPa, it increases drastically to 75%, then remains essentially constant again up to the highest pressure of our experiments. The abrupt changes occur within a pressure range that is comparable to the observed structural and spin transition in iron metal (Rueff et al. 1999) , suggesting that metallic iron may be present in the starting material or it may have been produced under high pressure through the abovementioned self-redox reaction. However, the assumption of a minor amount of iron metal in the sample resulted in a significantly worse fit to the time spectra, and is therefore discarded. A simple charge balance calculation for iron gives an average charge of +2.5 at pressures below 12 GPa and +2.75 at pressures above 20 GPa. To account for the apparent increase in the average charge of iron by an oxidation reaction, half of the ferrous ion would have become ferric. At ambient conditions, the volume of the Al-PV sample is at least half of that of oxygen in the air that is trapped in the sample chamber (including that between the Al-PV grains). The density of the Al-PV is about four thousand times that of air. Although the iron content of the Al-PV is very low, the amount of O that is needed to oxidize half of the Fe 2+ into Fe 3+ is at least four times of the amount of free O in the sample chamber. Hence the increase in the fraction of the Fe 3+ -like site between 12 and 20 GPa cannot be explained by an oxidation reaction. Given the lack of evidence for redox reaction and the insufficient supply of oxygen for oxidation reaction in the diamond cell, we consider it unlikely that the apparent valence change represents a real change in the valence state of iron. Between 20 and 100 GPa, the essentially constant fraction of ferric ion indicates that pressure alone does not alter the valence state of iron in the Al-PV within this pressure range.
Pressure-induced spin crossover
Although structurally stable to a depth that is greater than 2,000 km inside the Earth, pressure-induced changes in the electronic spin state of iron have been observed or indicated in both Al-PV and Al-free PV within the lower mantle pressure range (Badro et al. 2004; Jackson et al. 2005; Li et al. 2004 ). Unlike the well-known examples of spin transitions in pure Fe and FeS (Rueff et al. 1999) , which are abrupt changes in the spin state accompanied by structural phase transitions, a number of studies indicate that the loss of magnetic moment in several perovskite samples occur gradually with increasing pressure Li et al. 2004 Li et al. , 2005 . Iron in perovskite has multiple valence states and may occupy multiple crystallographic site, thus it may have a mixed spin state under certain pressure and temperature conditions (Li et al. 2004 ). X-ray emission data indicate the occurrence of intermediate-spin state in perovskite under high pressures (Li et al. 2004) , although first-principle computations found the intermediate-spin state of Fe 3+ unstable (Li et al. 2005) . The possible occurrence of mixed spin state and intermediate-spin state introduces much complexity to the path of pressure-induced spin crossover in Al-PV. Additional challenges in resolving the path come from the uncertainties in the site occupancy of iron and the presence of pressure gradient and non-hydrostatic stress in the compressed sample. Amorphization of a perovskite sample under non-hydrostatic compression is another concern. A reduction of the non-hydrostatic stress on the sample may be achieved by annealing the sample using a laser beam. On the other hand, laserannealing may lead to cation reordering or induce chemical reaction, thus affecting the electronic structure of iron in the sample. We did not anneal the compressed sample. The presence of several iron sites with distinct hyperfine parameters indicated that shortrange order was preserved, even though long-range order might have been destroyed. Whether or not a significant degree of amorphization occurred under compression and how it affected the electronic structure of iron remains an issue of future investigation.
Independent constraints on the spin evolution of iron as a function of pressure may be derived from the synchrotron Mö ssbauer data. In fact, inferences on pressure-induced spin crossover in our sample between ambient conditions and 20 GPa are entirely based on the synchrotron Mö ssbauer data (Table 1; Fig. 2 ), as no X-ray emission measurements were performed within the pressure range that is outside the stability field of the Al-PV. Upon initial compression, the isomer shift between the Fe 3+ -like site and the Fe 2+ -like sites increases considerably, indicating that the s-electron density at the nucleus of the Fe 3+ . Accurate knowledge on the site occupancy of iron will be helpful in resolving the postulated spin crossovers outside the stability field of the Al-PV.
Between 20 and 100 GPa, the XES intensity ratio decreases continuously with increasing pressure, indicating the occurrence of one or more gradual spin crossovers towards lower spin states (Li et al. 2004) . The reduction in the intensity ratio can be matched by a number of possible spin crossover paths which cannot be distinguished based on the XES data alone. General possibilities include (1 , the intensity ratio of the X-ray emission spectrum at 100 GPa indicates that both ions do not reach the final low-spin state at 100 GPa. An additional constraint on the spin evolution of iron is found in the synchrotron Mö ssbauer data (Fig. 2) . Between 20 and 100 GPa, the isomer shift between the Fe 3+ -like site and the Fe 2+ -like sites increases slightly with increasing pressure, whereas the fractions of the three sites and associated values and widths of quadrupole splitting remain essentially constant. The increase in the isomer shift could be consistent with the possibilities (1) and (3) but is the opposite of what is expected for a spin reduction in Fe 3+ alone. Thus, possibility (2) can be excluded. Based on the characteristic hyperfine parameters of iron that are described earlier, the nearly constant fractions and quadrupole splittings do not support a spin reduction on six-coordinate high-spin Fe 2+ or high-spin Fe 3+ . If the qualitative predictions based on crystal-field theory are applicable, and the symmetry of valence charge distribution is the dominant component in the quadrupole splitting of 8-12-coordinate iron, then the nearly constant quadrupole splittings would only allow an intermediate-spin to low-spin crossover between 20 and 100 GPa. Further understanding of the spin evolution requires quantitative modeling of the hyperfine parameters as a function of valence state, spin state, crystallographic site, and pressure, especially for the 8-12-coordinate site and the intermediate-spin state.
Conclusions
We show that the combination of synchrotron Mö ssbauer spectroscopy and XES can provide new constraints for the electronic structure of iron in Al-PV at ambient conditions and the spin evolution of iron under high pressures. Considering the broadening effect of temperature on spin crossover in lower mantle minerals Tsuchiya et al. 2006) , such combination would be particularly useful for investigating the valence state and spin state of iron at simultaneous high pressure and high temperature that are prevalent in the Earth's interior. Additional complexities in the electronic structure of iron in Al-PV, such as the appearance of the second Fe 2+ -like site and the apparent change in the fraction of Fe 3+ -like site, are revealed by our Mö ssbauer study, which highlight the need for quantitative modeling of the hyperfine parameters of iron as a function of valence state, spin state, crystallographic site, and pressure, and the need for more accurate knowledge of the site occupancy of iron. The measured hyperfine parameters can be used to test and refine theoretical modeling of the electronic structure of iron in lower mantle perovskite.
